Based on density functional theory calculations, the structural and electronic properties of polythiophene in periodic and oligomer forms have been investigated. In particular, the effects of Li or Cl adsorption onto a monolayer and Li or Cl-intercalation into bulk or bilayer polythiophene are addressed using periodic calculations. The binding energy of Li or Cl adsorbed bulk or bilayer polythiophene is significantly larger than for the monolayer. The trends in the binding energy as a function of adsorbent remain the same for both the periodic and molecular cases. The band gap or HOMO-LUMO gap and charge transfer are analysed. In addition, for the bulk or bilayer, different kinds of stacking have been considered. It is found that the parallel bulk or bilayer structure is energetically favorable compared to flipping the second layer by 180 • . This has been considered for both the periodic and oligomer forms. Moreover, for Li adsorption, polarons are found to be more stable than bipolarons, while the situation is opposite for Cl adsorption. The detailed analysis of the present study will be useful for understanding the structural properties and the tuneability of the electronic states, which is an important step to construct polythiophene based electronic devices.
I. INTRODUCTION
Organic conjugated polymers have been studied widely in both experiment and theoretical modelling. Organic polymers are of practical interest due to the fact that they can potentially be used in electronic optical semiconductor devices 1,2 as well as in sensors.
3-7
The structural and electronic properties of these polymers can be tuned and controlled easily by chemical modifications, such as doping. 8, 9 It has been reported that polyacetylene can be doped at room temperature with various dopants, which can tune the structural and electronic properties of conducting polymers. 1, 10 The doping technique and mechanism have been widely used for a large number of conjugated polymers, and dopants play an important role in changing their properties from those of conventional covalent semiconductors.
11,12
The doping can be achieved either by charge transfer or by application of an external electric field. By applying these doping techniques, the electronic and optical properties of conducting polymers can be engineered widely, including the transition from semiconductor to metal or further to insulator depending upon the dopant concentration. 9, [13] [14] [15] [16] This induces an outstanding opportunity in switching between conducting and insulating properties, which indeed paves the way for applications in optoelectronics, such as organic polymer based transistors, photoresistances, light-emitting diodes, and thiophene based organic solar cells.
17
It is well known that polyacetylene has a degenerate ground state with soliton formation.
However, polythiophene is a general example of a polymer with a nondegenerate ground state. The charge transfer due to doping of the donors or acceptors produces polarons or bipolarons (depending on the dopant concentration) rather than soliton formation. Polythiophene and its derivatives are particularly useful for device applications. [18] [19] [20] Thus, it is important to understand the effects of donor and acceptor doping on polythiophene. Direct control over the band gap is highly desirable; it is an important issue to control or engineer the electronic structure of the polythiophene polymer. There have been several efforts to address the electronic structure of thiophenes using first-principles calculations. [21] [22] [23] [24] [25] [26] [27] [28] In
Ref. 28 , modifications of the electronic properties of polythiophenes have been investigated by substituting a H atom with CH 3 , NH 2 , NO 2 , and Cl in the framework of density functional theory (DFT). In particular, the influence of the above-mentioned substituents on the band gap has been investigated. Experimentally and theoretically, the optical properties of fully conjugated cyclo[n]thiophenes have been studied. Based on the absorption spectra, it has been demonstrated that the band gap and optical properties are closely related to the geometry of the thiophene molecule. 29, 30 Thiophene-based materials are expected to be promising candidates in electronic memory devices, therefore, they have been the focus of instigation for the last two decades or so. 17, 28 In addition, in case of conjugated π systems, an annihilation of the electrons from the highest occupied molecular orbital (HOMO) and excitation of the electrons to the lowest unoccupied molecular orbital (LUMO) are achieved without difficulties.
31
Experimentally, dynamic doping of conjugated polymers can be achieved by creating a composite, which essentially contains a sufficient level of of immobilized anions and mobile cations to dope the polymer. By creating an interface between the doped conjugated polymer with a semiconductor that can be doped in the solid state, a field-driven change in conductivity can be achieved. Moreover, the electrodeposition of the heterojunctions can also be scalable upto nano-meter, which is enable to create devices on existing crossbar structures. 32, 33 Recently, using a conjugated polymer, a well-defined barrier to the ion drift has been demonstrated experimentally, which is expected to provide a mechanism for constructing a memory device with high performance. 34 It has been shown that the conjugated polymer barrier layer remains conducting at the interface between the metal oxide and conjugated polymer doped by Li + ion. This can be achieved by electro-deposition of polythiophene in the presence of dodecyl sulfate followed by a thin film of polypyrrole in the presence of dodecyl benzene sulfonate, where the electrochemical deposition of a thin film made of WO 3 is used to make a contact to the polypyrrole junction. However, the scaling behavior and the role of of the Li or Cl on the structural and electronic properties of polythiophene in various stacking geometries either in periodic or oligomer forms have not been studied so far. Therefore, in this paper, in the framework of first-principles density functional theory based model calculations, the structural and electronic properties of the periodic pristine monolayer polythiophene, bilayer polythiophene with parallel stacking and flipped by 180
• , and Li and Cl adsorption/intercalation in each case are investigated. These systems are also studied in molecular form. The obtained result demonstrate that the electronic structure can easily be tuned and controlled either by adsorption/intercalation or by creating multilayers in bulk or bilayer stacking sequences.
3

II. COMPUTATIONAL DETAILS
All the periodic calculations were performed using density functional theory (DFT)
within the generalized gradient approximation in the Perdew, Burke, and Ernzerhof parametrization 35 as implemented in the QUANTUM-ESPRESSO package. 36 The van der Waals interactions (DFT-D) are included in order to achieve an accurate description of the dispersion. y-and z-directions, (ii) bulk; periodic repetition of polythiophene along x-and z-directions, and (iii) bilayer; two layers of polythiophene with a vacuum along y-and z-directions.
The structures of molecular polythiophene (oligomers) were optimized using DFT-D (PBE) 35 as implemented in the Amsterdam Density Functional package ADF. [38] [39] [40] All the calculations were performed using double zeta Slater-type orbital basis sets (DZ). Geometries were optimized until the energy was converged to 1 · 10 −4 eV. The default integration accuracy parameter of 4.0 is used for geometry optimizations and single point calculations for all cases under study except for the Cl-intercalated bilayer systems. In case of Cl-intercalated bilayer systems, a numerical integration of 7.0 is used in order to achieve convergence.
III. PERIODIC CALCULATIONS
A. Structural analysis
The structure under consideration for the monolayer polythiophene is depicted in Fig.   1 thiophene. The Li atoms are located above the centre of the pentagon made from C and S atoms. The S-Li distance is 2.376Å, while the C-Li distances are found to be 2.171-2.235
A, see Table 1 . The optimized structure of the Cl adsorption in monolayer polythiophene is shown in Fig. 1(c) . A S-Cl distance of 3.675Å and C-Cl distances of 3.210-3.490Å are found; these values agree well with previous reports. 20, 41 The Cl atom does not sit at the centre of the pentagon unlike Li adsorption. This can be understood from the fact that the Cl atom becomes negatively charged because of the charge transfer from polymer to Cl atom and is repelled by the slight negatively charged C atoms around it. The closest H-Cl distance is found to be about 2.56 to 2.77Å, which agrees well with previous findings.
43
The structures under consideration for bulk or bilayer polythiophene are addressed in Fig. 2. An interlayer spacing of 3.372Å or 3.371Å is found for bulk or bilayer polythiophene, which agrees well with other bilayer systems composed of C atoms. [44] [45] [46] [47] [48] [49] [50] The top and side views of the optimized structures are shown in Fig. 2(a) . The other structural parameters are found to be similar to the monolayer case. The optimized structure of Li-intercalated study. Moreover, after doping, the conductivity can be increased strongly and hence, the systems would be potentially useful for devices with high conductivity, such as photovoltaics, thermoelectrics, and spintronics.
62-64
In both cases, the Li atom loses about 0. Whereas, the binding energy is obtained to be −1.62 eV or −1.84 eV for Cl-intercalated bulk or bilayer polythiophene; again the data indicates that Cl intercalation in the bilayer case is energetically favorable by 0.21 eV. Moreover, the obtained value of the binding energy in case of bulk or bilayer is higher than that of monolayer polythiophene, which reflects that the binding of Li or Cl in bulk or bilayer is strong than that of monolayer polythiophene.
In addition, the effect of an external electric field along the x-as well as the z-direction has been examined for both monolayers and multilayers (for both the doped and undoped cases) according to the scheme described in Refs. [65] [66] [67] The magnitude of the band gap is found to be exactly the same for both directions of the electric field. The magnitude of the applied external electric field is 1 · 10 8 V/m, which is easily accessible in the experiment. The band gap is increased only by only ∼ 1.7 % in all the cases under study.
IV. MOLECULAR CALCULATIONS
A. Monolayer polythiophene [75] [76] [77] , such that the modified polythiophene can be used in electronic devices. Quantitatively, the calculated value of the band gap in the periodic case is similar to the HOMO-LUMO gap of the 6-ring or 8-ring.
In the following, the 6-ring structure of polythiophene is used in order to adsorb Li or Cl the polythiophene. It is found that the former case is energetically favourable by 0.838 eV.
Thus, the former configuration is used for further study; its optimized geometry is shown in observation agrees well with a previous report. 20 However, the energy difference between single polaron and multipolaron is very small. The small energy difference indicates that clustering of the dopant can be considered at finite temperature. For conducting polymers, it has been proposed that large increments in the conductivity can be achieved in the presence of polarons and bipolarons.
78,79
Strong modifications in the structural parameters are observed for Cl atom adsorption onto the 6-ring polythiophene. Similar to the case of Cl adsorbtion in the periodic calculations, the Cl atom is found to move away from the polythiophene molecule but still interact with H atoms. The side view of the optimized structure is depicted in Fig. 7(a) . eV, respectively, close to the Li or Cl doping in 6-ring polythiophene as expected. In contrast to the Li adsorbed polythiophene, our results prevails that a single polaron is less stable than that of bipoloran, which is in the line of chlorination of polythiophene. 43 Experimentally and theoretically, in the case of Cl doping, it has been observed that bipolaron is energetically more preferable for high dopant concentrations i. e. one dopant per six or less thiophene rings, while a single polaron is energetically more favorable for low dopant concentrations i.
e. one dopant per ten or more thiophene rings. and 8-ring, respectively. The small energy differences between these two types of bilayers indicate that the flipped bilayer can also be stable, thus, it should be feasible to synthesize such structures. It is found that the second layer is slightly shifted with respect to the first layer in both the parallel bilayers as well as in the flipped bilayers of all sizes, which agrees well with the experimental realization of the π stacked polymers. 84 Apart from that minor modifications in the structural parameters are found as well. Selected structural parameters are summarized in Table 3 . The obtained value of the interlayer distance agrees well with the experimentally and theoretically observed values for stacked molecules of similar geometry.
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The obtained value for the interlayer distance also agrees well with those of carbon based multilayers. [86] [87] [88] The HOMO-LUMO gap decreases in both types of bilayers as compared to that of the monolayer, which can be attributed to the interlayer interactions and the resulting band splitting at the Fermi level. The HOMO-LUMO gap varies from 1.989 eV to 1.200 eV and 2.719 eV to 1.338 eV for 2-ring to 8-ring in case of the parallel bilayers and flipped bilayers, respectively, see Table 2 . It is worth to mention that the HOMO-LUMO gap in case of the flipped bilayers is larger than that of the parallel bilayers, which can be attributed to weaker interlayer interactions and hence weaker band splitting. Experimentally, it has been proposed that such stacked systems are of potential use for optical or electronic switches.
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System Parallel bilayer Flipped bilayer For the Li or Cl intercalation between the two layers, a 6-ring polythiophene is used, see the top and side views shown in Fig. 9(a-b) . Moreover, the obtained data revealed that in case of Li adsorbed polythiophene, polarons are more stable than bipolarons, while for Cl adsorption bipolarons are energetically more favorable, in good agreement with a previous report. 20, 43 The formation of the polarons or multipolarons is very important in order to achieve larger conductivity in Li or Cl adsorbed polythiophene. 78, 79 It is believed that the detailed analysis of the present investigations would be useful to understand the structural properties and the tuneability of the electronic states, which could be an important step toward constructing polythiophene based electronic devices. 
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